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Abstract
We developed an instrument used for recording the dynamics
of accommodation of the eye. With this new technique, a
recording speed of up to 95 Hz can be achieved. As com-
ponents used in our system are mechanically fixed, artifacts
owing to movable mechanical parts are excluded. Recording
samples demonstrate the potential use of this instrument.
This instrument also enables assessment of gaze direction
simultaneously with accommodation.
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Introduction
To produce a sharp retinal image, in human vision, the power
of the eye is adjusted in accordance to the viewing distance.
The process of adjustment of the power is termed accom-
modation. The mechanism of accommodation has intensively
been investigated and modeled in the past w2, 3, 8, 11, 14,
16, 24x. Modeling of the accommodation in general and par-
ticularly modeling of the adequate stimulus of accommoda-
tion have been the focus of much research.
A basic question in modeling accommodation is the linea-
rity of the accommodation plant. At first glance accommo-
dation appears to be controlled by a low-pass filter with a
delay, therefore showing linear behavior. However, Stark
showed that, unlike in the case of a linear system, the transfer
function varies with the amplitude of the stimulus, although
the phase does not w27x. Stark ascribed this behavior to a
memory-less (instantaneous) nonlinearity of the system and
attempted a nonlinear servo analysis w21, 22, 28x. A sub-
stantial amount of data reported in the literature indicates that
complex, nonlinear behavior could occur in many circum-
stances w7, 22, 26x. However, it soon became clear that the
accommodation process as a whole is not as simple as a
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linear low-pass filter. Moreover, there are adaptive learning
effects, as revealed by Stark in 1968 w27x, as the subject can
anticipate stimulus changes, which is the case when the stim-
ulus varies periodically in time. In this case, there is a reduc-
tion of the phase lag and this could also enhance the gain
w11x. A sophisticated model of the accommodation was pre-
sented by Schor et al. in 1992 w25x. The model describes the
accommodation as driven by two complementary processes:
spatiotopic (body referenced) stimulus of proximal percep-
tion and a retinotopic (retina referenced) stimulus of blur and
disparity. Spatiotopic stimuli initiate changes in viewing dis-
tance (coarse, primary control), whereas retinotopic stimuli
are used for correcting residual fixation errors (fine, second-
ary control).
Information about the neurophysiology of the accommo-
dation can be obtained by studying the dynamic character-
istics of accommodation. The relationship between the peak
velocity and the response amplitude, the so-called main
sequence, is of particular interest in understanding how phys-
iological responses are generated w15x. The relationship is
also used to distinguish between normal and abnormal
responses w4x. In accordance to Nyquist’s theorem w6, 20x, an
accurate estimation of the dynamics of accommodation
requires a minimum sampling rate.
Sampling rates of instruments used to record dynamics of
accommodation, the so-called optometers, vary based on the
techniques used to detect the accommodation w9, 10, 12x. For
instance, the first generation of the commercially available
photorefractor (PowerRefractor, Multichannel Systems,
Reutlingen, Germany) is based on the evaluation of the dis-
tribution of light within the video image of the pupil and has
a sampling rate of 25 Hz w11x. Recently, wave-front aber-
rometers have been launched on the market by means of
which a dynamic estimation of accommodation is possible
at a rate of 11 Hz w13x.
Sampling rate is of crucial importance when using record-
ed data in modeling accommodation. Suryakumar et al.
recorded the step response of the accommodation with a cus-
tom designed high-speed photorefractor at 75 Hz w23x. They
subsampled recorded signals at 25 Hz to compare the effects
of a lower sampling rate on the temporal characteristics of
the signal. Suryakumar et al. concluded that faster sampling
improves the accuracy of dynamic properties of the accom-
modation and that the peak velocity and acceleration are
underestimated by 24% and 35%, respectively, when sub-
sampling at 25 Hz. Furthermore, subsampling causes a time
shift of the acceleration peak.
With the exception of ultrasonic devices used in biometry
of the eye w29x, objective and automatic assessment of
accommodation is based on an analysis of light refracted by
the dioptric media of the eye. In particular, light, mostly
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Figure 1 Schematic diagram of the device used to record accom-
modation consisting of a laser light source, a pinhole mirror, and
an image sensor (CCD camera).
Fixation targets are presented at various distances using a beam
splitter. The photograph at the bottom of the scheme provides an
example of a recorded image.
infrared, is projected into the eye causing reflections which
are then analyzed by an optometer to determine accommo-
dation. To prevent damage, energy of the light penetrating
the eye is limited. Owing to low reflectivity of the retina,
high sensitivity detectors are required in optometers. Given
cited limitations, large detectors which are continuously
adjusted in position are used in optometers to maximally
exploit reflected light. Control of the position of the detector
is a possible cause for artifacts in measurement.
In this paper, we present a custom made high-speed opto-
meter allowing the recording of accommodation up to 95 Hz.
Our optometer has no moving parts, therefore excluding arti-
facts owing to mechanical properties such as resonance or
inertia. While tracking the accommodation, our optometer
allows a simultaneous detection of the shape and the position
of the pupil and therefore also an estimation of gaze direction
and pupillary diameter.
Materials and methods
Principle and components
The principle consists of analyzing an image produced by an
object, which is placed at a fixed distance from an image
sensor and which is illuminated by light exiting the pupil of
the eye under test. The size of the image varies with the
vergence of the light exiting the pupil and therefore varies
with the accommodation.
The three main components in our device are a source of
light, a plane mirror with a cylindrical hole (pinhole) and an
optical sensor.
The laser diode QL78D6SA (Roithner LaserTechnik
GmbH, Vienna, Austria) is used as light source. The laser
emits a power of 5 mW at a wavelength of 780 nm. Laser
power is adjusted to radiate 450 mW at the cornea, which is
below the maximum permissible power according to ANSI
standard Z136.1 w1x. Before each measurement the laser
power is measured using the LaseCheck power meter from
Coherent Inc. (Roithner LaserTechnik GmbH). The mirror is
a polished metal layer. A hole in 1-mm diameter is drilled
at an angle of 458 while the mirror is squeezed between two
metal prisms. A Sony ICX204 AL/AK CCD (camera
scA1000-30gm/gc, Basler AG, Ahrensburg, Germany) acts
as an optical sensor. The arrangement of the three compo-
nents is represented schematically in Figure 1. The laser is
placed behind the mirror. The laser beam passes the hole in
the mirror and penetrates the eye. To eliminate disturbing
reflections the eye is adjusted in such a way that the laser
beam hits the cornea slightly below the optical axis. After
having passed through the various parts of the inner eye the
laser beam hits the retina and is then partially reflected back.
The reflected light is diffuse and exits the eye forming a
cone with the pupil as base. The inclination of the surface
of the cone is controlled by the optical power of lens and
cornea. The exiting beam is then reflected by the pinhole
mirror and projected on the image sensor. The hole in the
mirror leaves a part of the reflected beam dark, therefore
imaging a dark spot in the image of the pupil appearing on
the sensor. The size of the dark spot varies with the power
of the eye. Sensor data are transmitted using a Gigabit Ether-
net (1 Gb/s) to a computer that records the video for off-line
processing.
The three components are fixed on a bench. The bench
includes a bite bar allowing a stable position of the eye with
regard to the recording instrument. Centering of the laser
beam and of the camera is achieved by means of an x-y table.
To stimulate the accommodation, a beam splitter (Ts95%)
is introduced between the pinhole mirror and the image sen-
sor enabling presentation of fixation targets at different view-
ing distances.
Image processing
As mentioned above, the camera provides a video of the
image of the pupil including the dark spot resulting from the
hole in the mirror. The gray level video is recorded using a
PC and is analyzed off-line frame by frame. The analysis
consists of detecting the border of the image of the pupil and
the border of the dark spot. Detection is performed using
image processing software. We used the function ‘‘Circular
Edge (Spoke)’’ implemented in LabView 8.5 (National
Instruments Corp., Austin, TX, USA) fitting the border of
the pupil and the border of the dark spot with a circle. In
the function ‘‘Circular Edge (Spoke)’’, a center of a circle
is assumed and radii are plotted at a given number of equally
distributed meridians. The edge of the image (hole or pupil)
is detected along each meridian. Detected edges are used to
least square fit of a circle. Owing to noise resulting from the
speckle pattern and other optical factors, parameters used by
the function ‘‘Circular Edge (Spoke)’’, such as number of
meridians used or steepness of the brightness transition,
require an appropriate setting procedure. To optimize these
parameters we followed two steps: a manual step and an
automatic step.
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In the manual step the parameters are chosen to achieve
best fit by eye of the circle with the edge of the image of
the hole. The set of results found in the first step are used
as initial values in the second step. Purpose-written software
was used in the second step aiming to optimize the above-
mentioned parameters to achieve an optimum fit of the circle.
The goodness-of-fit is defined as the sum of variances in the
sequence of analyzed frames, resulting from the differences
of the radius of the fitted circle and the distance of detected
edges from the center of the circle. To keep the elaboration
cost at a reasonable level, the software does not check for
found minimum to be an absolute minimum. Furthermore,
only two key parameters are optimized: ‘‘edge strength’’ and
‘‘steepness’’.
Practical limitation
In the realization of the system we faced some limitations.
A first constraint is that tracking the position of the eye
requires the pupil to be fully imaged on the sensor. There-
fore, the image of the pupil must be centered on the CCD
and the size of the image must be smaller than the size of
the CCD. It is possible to minify the image of the pupil by
increasing the distance of the eye with regard to the CCD or
by introducing a lens. Alternatively the CCD can be replaced
by a CCD of larger size.
Another constraint is the space in-between the eye and the
CCD. Approaching the CCD to the eye improves resolution
in assessing accommodation. However, the closest distance
of placement of the CCD should consider the closest point
the eye is able to focus, to prevent the image of the pupil to
degenerate to a point on the CCD.
A further limitation arises when using the instrument at
maximum recording speed. In the set-up used for this study
the CCD is at 90 mm from the cornea enabling recording of
the accommodation from 1 to 4 diopters (D). To achieve a
sampling rate of 95 Hz, a subsample of the total area of the
CCD is selected, which contains the image of the hole. In
this condition, the position of the eye cannot be tracked
because the selected area does not include the edge of the
pupil.
Functional tests
Functional tests of the apparatus are carried out in view of
the future application of the instrument, which comprises
investigations of the accommodation process and its cross-
link to gaze direction. Velocity and acceleration of the
accommodation response are parameters which are relevant
to investigation of accommodation dynamics. Further infor-
mation about the accommodation process is gained by tem-
poral analysis of accommodation behavior during the
steady-state fixation of a target with constant viewing
distance.
Functional tests are carried out using the eye of a young
subject (27 years old). The test was performed in accordance
with the Declaration of Helsinki ethical guidelines (World
Medical Association Declaration of Helsinki regarding ethi-
cal conduct of research involving human subjects and/or ani-
mals) and was approved by the local ethics committee (ETH
Zurich). After explanation of the nature and possible con-
sequences of the experiment, informed consent was obtained
from the subject. All measurements were carried out under
monocular viewing conditions using the subject’s right eye
and within the range of accommodation of the subject. To
estimate the range of accommodation, the subject’s amplitude
of accommodation was measured using a push-up ruler and
the refractive error of the right eye was assessed using the
automatic refraction unit Nidek AR-1000 (von Hoff Augen-
optik International, Schlieren, Switzerland). Considering the
subject’s amplitude of accommodation ()5 D) and the
refractive error (-0.75 D spherical equivalent), selected stim-
ulus range varied between 1 D and 4 D.
The subject was fixed using a bite bar to the board of the
instrument. By means of the x-y table the pupil of the eye is
centered on the image sensor of the camera. A first experi-
ment was assigned to record the static response of accom-
modation as well as to estimate stability of gaze direction
during steady-state fixation of a target presented at a fix
viewing distance. Additionally, the first experiment was used
for calibration of the instrument. A beam splitter was intro-
duced between the camera and the pinhole mirror enabling
the presentation of a Maltese cross at either 1 m, 50 cm, 33 cm,
or 25 cm. The four viewing distances stimulate accom-
modation at 1 D, 2 D, 3 D, and 4 D, respectively. For each
viewing distance, the camera recorded four samples of 800
images using a sample frequency of 95 Hz. Owing to band
width limitation, the CCD camera used binning mode (2=2
aggregation of pixels) and was programmed to process only
the part of the image including the image of the pinhole.
Before starting the experiment, a full frame picture was
recorded and used to check the proper setting.
In a second experiment, step response of accommodation
was recorded by presenting two Maltese crosses in two dif-
ferent viewing distances. The centers of the two Maltese
crosses were aligned with the line of sight of the subject’s
eye. The first Maltese cross was placed at a viewing distance
of 1 m, therefore requiring an accommodation of 1 D. The
second Maltese cross was placed at 25 cm, therefore requir-
ing an accommodation of 4 D. Illumination of Maltese cross-
es was controlled by an electronic switch, so that only one
of the two Maltese crosses was visible at one time. The elec-
tronic switch was triggered by the digital output signal
‘‘exposure active’’ of the camera. During measurements, the
target was switched from 1 D to 4 D. After 4 s the target
was switched back to 1 D again. During the experiment, the
camera was programmed as reported in the first experiment
and therefore sampled images at a frequency of 95 Hz.
Results
Results of the first experiment, in which the static response
of the accommodation was assessed, are shown in Figure 2.
The four photographs in Figure 2 show samples of images
taken before starting the experiment. The dark spot within
the pupil decreases in diameter as accommodation increases.
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Figure 2 Results of the first experiment, in which static response
of the accommodation was studied.
The graph plots the average diameter of the circular dark spot within
the pupil in pixels as a function of the demand of accommodation.
The four pictures show a sample of the whole picture taken before
starting the experiment while fixating the target in each of the four
viewing distances. The error bars denote the standard deviations
(").
Figure 3 Spectrum of steady-state accommodation when fixating
a target presented at a viewing distance of 25 cm (4 D).
Data represent the average of the spectra of four measurements, in
which accommodation was recorded during 8 s using a sampling
rate of 95 Hz.
This effect is as a result of an increasing vergence of the
beam exiting the pupil. Variation of the pupillary diameter
with viewing distance is due, in part, to the phenomenon of
pupillary constriction appearing when focusing near objects
and, in part, to the increased vergence of the light exiting
the pupil. The graph in Figure 2 plots the diameter of the
black spot within the bright pupil as function of the accom-
modation demand resulting from given viewing distance.
Each data point in Figure 2 is the average of 3200 measure-
ments. Data points are reliably (r2s0.99) fitted by means of
a line. The slope of the line is 11.3 pixels per accommodation
power in diopters.
From results of the first experiment we learn that accom-
modation fluctuates by 0.25 D (standard deviation) around
the average value. As these fluctuations are a result of noise
and fluctuations of accommodation are a result of difficulty
in keeping accommodation fix, we can conclude that the
accuracy of the instrument is better than 0.25 D.
As can be seen in Figure 2, there is a variation of the
standard deviation of accommodation with demand of accom-
modation. This effect is, in part, due to the variation in image
size with demand of accommodation and to the constant size
of the CCD pixel. Also, the effect of speckle becomes more
important in a small image compared with a large image.
Therefore, constant pixel size and speckle reduce the accu-
racy of the instrument at high values of accommodation.
However, we believe that the increased standard deviation of
the measurements is mainly a result of the microfluctuations
of the accommodation, which increase in amplitude with
increasing accommodation.
Measurements recorded while the eye was steady-state fix-
ating the target presented at a viewing distance of 25 cm
were used for spectral analysis. For this purpose, spectra of
four measurements, each lasting approximately 8 s and sam-
pled at a rate of 95 Hz, were computed after removing the
linear trend and applying a Hann window. The result of the
spectral analysis is shown in Figure 3. Plotted spectrum was
normalized accounting for the number of recorded samples.
According to the literature w6x, bands below 1 Hz and at
approximately 1.5 Hz are probably a result of small fluctu-
ations of the power of the eye, the so-called microfluctua-
tions of the accommodation.
From the same records used for the spectral analysis of
steady-state accommodation, the center of the pupil was
detected and converted in gaze direction using Gull-
strand’s simplified eye model reported by Methling w18x.
Gaze direction was plotted as function of time in Figure 4.
Data were low-pass filtered using a cut-off value of 9.5 Hz.
Standard deviation of the movement was 6.3 mrad.
Results of the second experiment, in which the dynamic
response of accommodation was studied, are depicted in Fig-
ure 5. The data in Figure 5 are the average of 25 runs. The
effect of averaging the measurement brings an accuracy of
0.25 D/(25)1/2s-0.05 D. At time ts0 s the distance of the
target is switched from 1 m (1 D) to 25 cm (4 D). After 4 s
the distance is switched back to 1 m. An approximate esti-
mate by eye of reaction time reveals a response of the
accommodation of around 250 ms. The rise and fall times,
between 10% and 90% of maximum of amplitude, are
around 200 ms.
The time derivative of the accommodation response, which
is the velocity of accommodation, is plotted in Figure 6.
Because derivation enhances noise in particular in the high
frequency domain, data presented in Figure 6 are filtered by
using a moving average filter with a window of 0.1 s. From
data plotted in Figure 6, we can estimate that the absolute
value of the maximum velocity of accommodation is approx-
imately 13 D/s and appears around 0.4 s after altering the
viewing distance of the target.
Acceleration of accommodation is computed by means of
the second time derivative of the accommodation response
reported in Figure 5. Again, results need filtering because
the derivative enhances noise. In the case of the second
derivative, noise amplification is proportional to the square
of the frequency. However, as can be seen in Figure 7, accel-
eration data appear noisy even after filtering with a 0.2 s
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Figure 4 Gaze direction as function of time recorded during
steady-state fixation of a target presented at a viewing distance of
25 cm.
Data are low-pass filtered using a cut-off value at 9.5 Hz (moving
average window of 10 points). The standard deviation of the move-
ments is approximately 6.3 mrad.
Figure 6 Velocity of the accommodation computed from the sig-
nal reported in Figure 5 and filtering the velocity using a cumulative
moving average with a window length of 0.1 s.
Figure 7 Acceleration of the accommodation computed from data
reported in Figure 5 after filtering results using a cumulative moving
average with a window length of 0.2 s.
Figure 5 Results of the second experiment, in which dynamic
accommodation response was studied by altering the target distance
from 1 m (1 D) to 25 cm (4 D) and back to 1 m at ts0 s and
ts4 s, respectively.
The average of 25 measurements of accommodation is plotted as
function of time.
moving average window. It is therefore difficult to give an
accurate estimate for the acceleration of accommodation.
Probably the absolute value of the maximum acceleration is
within the range of 40 to 80 D/s2.
Discussion
In this paper, we presented a new optometer used to record
the accommodation of the eye. The optometer was calibrated
using a human eye. In the first experiment, accommodation
was recorded during steady-state fixation at four different
viewing distances. In the second experiment, accommodation
was recorded during altering of the viewing distance between
1 m and 4 m.
Fit of data of the first experiment demonstrates linearity
of the method with regard to the power of accommodation
in diopters. Slope of fit is approximately 11.3 pixels/D denot-
ing a resolution of better than 1 pixel per 0.1 D. Owing to
used image processing methods, we are confident that
resolution is much better than 0.1 D. Recorded accommo-
dation during steady-state fixation has been shown to fluc-
tuate with an amplitude of approximately 0.25 D. If so-called
microfluctuations do exist, amplitude of microfluctuations is
probably less than 0.25 D. Spectrum of accommodation
recorded during steady-state fixation demonstrates typical
peaks of microfluctuations w23x at approximately 0.9 Hz and
1.5 Hz. Dynamic properties of accommodation, such as
latency and velocity, are in accordance to experimental
results reported in the literature w5, 7, 26x or to values used
in modeling accommodation w24x.
Using measurements of the first experiment, we assessed
horizontal and vertical displacements of the pupil to cause a
shift in gaze direction of approximately 6.3 mrad (standard
deviation of mean), which compares well to the spontaneous
saccades during steady-state fixations reported in the litera-
ture w17, 19x.
The presented instrument has proven functionality and
results of recorded data compare well with the literature.
Owing to the principle of measurement, instrumental artifacts
in dynamic properties of accommodation are excluded.
Owing to spherical aberration of the eye, artifacts could
appear when the eye moves during measurement. However,
as the position of the pupil and accommodation are recorded
simultaneously, a compensation for this artifact is possible
and will be done in future research. Further developments
concern evaluation of techniques to compute velocity and
acceleration using recorded signals.
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